By data analysis, an attempt has been made to identify the associated processes which support the Pakistan Summer Monsoon (PSM) mature phase in comparison with pre-monsoon phase. We found that during pre-monsoon phase, the subsidence associated with upper level strong convergence suppresses the convective activities around Pakistan. However, during the PSM mature phase, (1) the mid-upper tropospheric warming which causes the reversal of meridional temperature gradient (MTG), further gets strengthened and expands, and (2) the subsidence significantly weakens associated with the weakening of the upper level convergence and vortex stretching around Pakistan. Simultaneously, the low level trough around Pakistan becomes stronger enough for the maturity of PSM, together with the deflected southeasterly and southwesterly moisture flux from the Bay of Bengal (BoB) and Arabian Sea (AS) increases to intrude over Pakistan. The current finding will be useful for understanding the processes associated with the anomalous tropospheric conditions during extreme PSM events.
INTRODUCTION
The Asian Summer Monsoon (ASM) brings abundant rainfall on the affected region ( Fig.1) , where the population accounts for more than half the global total 1, 2) . The South Asian Monsoon (SAM) is the main source of precipitation in most of the countries of the South Asia (SA) including Pakistan and India. The Pakistan Summer Monsoon (PSM) is the northwestern limit of the SAM (Fig. 1 ) that occurs a month later after the onset of the Indian Summer Monsoon (ISM) 3) . The livelihood of a vast population in Pakistan depends on agriculture and land use, is strongly influenced by water-based ecosystems that depend on the PSM. The recurrence of the PSM rainfall is markedly regular, but exhibits a considerable interannual variability (Fig.2) , which sometimes results in severe droughts and flooding.
The seasonal reversal of surface winds is a crucial peculiarity of the SAM and is profoundly associated with the differential heating between land and sea 4) . The surface processes over the SA region are modified by the upper level tropospheric features like the upper level Tibetan high (TH) which plays an essential role in the ASM circulation 5) . In addition, the Tibetan Plateau (TP) has been suggested to play an important role in generating and maintaining the ASM as a huge and elevated heat source 6) . Moreover, the convective heating around Bay of Bengal (BoB), which induces upper tropospheric warming through adiabatic warming to the southwest of the TP together with westward extension of the monsoon trough from the BoB to the Arabian Sea (AS), is necessary for the ISM onset 7) . However, the processes which support the PSM activities have not been deeply addressed as compared to the ISM. Therefore, considering both the scientific interests as well as the social needs, this study aspires to understand the basic state processes primarily associated with the PSM, which has not only become more meaningful for the researchers in the field of meteorology and hydrology, but also is of a great concern to the community and stakeholders. The backbone of this study is to probe the processes associated with the basic state PSM mature phase, in contrast with the pre-monsoon conditions. To accomplish the objective, Section 2 describes the data and methods used. Section 3 describes the pre-monsoon conditions and the processes associated with the deepening of the PSM trough. A summary and conclusions are presented in Section 4.
DATA AND METHODS
Datasets from multiple sources for the period 1979-2008 have been employed in the present study. The area-weighted average PSM rainfall data received from Pakistan Meteorological Department (PMD). Gridded rainfall data from Climate Prediction Center Merged Analysis of Precipitation (CMAP) 8) and Climate Anomaly Monitoring System -Outgoing Longwave Radiation Precipitation Index Precipitation (CAMS-OPI) 9) , both at 2.5°×2.5°. In current study, we calculated vorticity budget components using the following vorticity equation 12) .
is horizontal wind components, and f is Coriolis parameter. The vorticity tendency (A) is the sum of absolute vorticity advection (B), vertical advection of relative vorticity (C) and the divergence term (D).
In addition, we calculated heat budget components using the following thermodynamic equation 13) .
Where; θ is potential temperature, ω is pressure vertical p-velocity, p is pressure, o p =1000hPa, R is gas constant for dry air, p c is specific heat at constant p, and dQ is the volume of diabatic heating. The temperature tendency (I) is the sum of horizontal temperature advection (II), vertical temperature advection (III) and the remaining residual (IV). This residual is considered to be diabatic heating due to an apparent heat source. The diabatic heating can be interpreted as a summation of radiative heating due to short and longwave radiation, condensation heating due to convective and non-convective clouds and eddy vertical thermal transport. We used JRA-25 vertical p-velocity to calculate the vertical temperature advection. In this study, the climatology for linear terms are derived from the daily means during 1979-2008, while nonlinear terms are calculated for each day each year and then daily means during 1979-2008 are derived for nonlinear terms climatology.
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TROPOSPHERIC CONDITIONS AND PROCESSES DURING PRE-MONSOON AND PSM MATURE PHASES
In order to investigate the contrast between the pre-monsoon and PSM mature phases, we divided the pre-monsoon to monsoon phases according to the onset of PSM based on the climatological data. The climatological pre-monsoon phase is 21-30June. 01-10July presents the conditions for the PSM onset, but before the PSM maturity. 11-20July and 21-30July, are the maturity phase of the PSM.
Before going to discuss the processes of trough development during PSM mature phase, the results of heat budget components averaged over Pakistan region are presented. The heat budget components during last dekad of June indicates that the mid-upper troposphere adiabatic warming dominates the diabatic cooling and cold horizontal advection (Fig.3a-b) , representing warm temperature tendency even before the onset of PSM. However, during subsequent three dekads of July, the adiabatic warming in upper troposphere decreases rapidly is almost in balance with diabatic cooling and cold horizontal advection (Fig.3a) , while in the mid troposphere rapid increase of diabatic heating dominates adiabatic cooling and cold horizontal advection i.e. warm temperature tendency (Fig.3b) . atmospheric condition significantly varies from previous months 7) . The warm core represented by 359K circular isentropic line locates around north of Pakistan (Fig.4a) and reversal of the meridional temperature gradient (MTG) occurs over whole of the southern Eurasia. Divergence and divergent wind fields (Fig.4b) indicate a significant convergence around Pakistan region, which is closely related to the upper level divergence over the major tropical convection and weaker divergence over the TP. Vertical motion requires the knowledge of horizontal divergence, therefore upward (downward) motion (Fig.4c) corresponds well with the upper-level divergence (convergence) (Fig.4b) . There is dominant downdraft around Pakistan (Fig.4c) in accordance with the monsoon desert mechanism 14) , which suppresses the PSM activities. The upper tropospheric anticyclone circulation (Fig.4c) located to south of the TP (TH) is derived from divergent and rotational flow from deep convections 15, 16) (not shown) is concurrent with the divergence and updraft (Fig.4b-c) tropical monsoon region. 
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It is interesting to note that the warm core, downdraft and active convection (not shown) are located from southeast to northwest of Pakistan. Vorticity budget components depicts that the advection of absolute vorticity (Fig.4d) is balanced with the vortex stretching (Fig.4e) along the Asian Jet (AJ), the latter of which is almost consistent with vertical velocity distribution (Fig.4c) . In addition, there is an alternate negative and positive vorticity advection pattern along the AJ, which suggests a stationary Rossby wave along it. The negative relative vorticity advection, NVA (not shown) around Pakistan and to its northwest is associated with the ridge around Caspian Sea (CS) (Fig.4c) . This NVA together with negative advection of planetary vorticity (Fig.4d) and negative vertical advection of relative vorticity (not shown) is balanced with the vortex stretching (Fig.4e) around Pakistan. As air mass has to obey the law of physics, hydrodynamics and thermodynamics, therefore we cannot say that convergence alone satisfy the mass conservation, but the upper level convergence around Pakistan (Fig.4b ) has to accompany with the upper level vortex stretching, downdraft and adiabatic warming below. So, all these processes occur simultaneously. Fig.5a-f show the latitude-height cross-sections averaged over Pakistan longitudes 65-75°E. Fig.5a depicts significant upper level convergence around Pakistan latitudes 25-37°N. The divergent southerly (Fig.5a) and southeasterly (Fig.4b) originated from tropical convective regions together with the weaker divergent easterly from TP subsides over significant convergence zone around Pakistan (Fig.4c, Fig.5b ). This strong convergence can be explained as downdraft branch of the Hadley-type circulation. In addition, we also notice that the isentrope descends toward the warm core (Fig.4a, Fig.5a ), and then both the mid-latitude cooler westerly (Fig.4a) and  northerly (Fig.5c ) glides down the sloping isentropes. Consequently, the descent (Fig.4c,  Fig.5b ) is enhanced and further localized by radiative cooling 16) (Fig.5e) , which is associated with the strengthening of upper level convergence (Fig.4b, Fig.5a ) and mid-upper level adiabatic warming (Fig.4f, Fig.5d ). These conditions do not support convective instability around Pakistan i.e. suppress convective activities. In addition, the vertical sections of heat budget components around Pakistan latitudes indicate that the mid-upper level adiabatic warming (Fig.5d) dominates the diabatic cooling (Fig.5e ) and cold horizontal advection (Fig.5f) , which contributes to the tropospheric warming i.e. warming tendency (Fig.5c ) even before the onset of PSM. There are active convective activities around northeastern India (Fig.6a) , represented with the significant decrease of the OLR (i.e. signifies higher cloud top) together with the lower level significant change of height by -8gpm and significant moisture flux both from AS and BoB. In the next sub-section, we discuss the processes of trough development during the PSM mature phase associated with the tropospheric conditions, in comparison with the pre-monsoon conditions. In the upper troposphere during all three dekads of July, the TH bit shifts northward along with strengthening and expansion of warm core (not shown). Within the dekads of July changes are small, but the atmospheric conditions vary abruptly from pre-monsoon conditions. The upper level convergence observed around Pakistan in the pre-monsoon phase (Fig.4b) significantly weakens during the mature phase (Fig.6c) , which is associated with northwestward shifting of the NVA and vortex stretching (not shown) together with the AJ and CS ridge, that brings positive vorticity advection, PVA (not shown) around Pakistan. This PVA together with positive vertical vorticity advection (not shown) is balanced with the negative planetary vorticity advection (not shown) around Pakistan. While significant decrease in OLR is found around Pakistan and northwestern India (Fig.6b) together with deepening of the lower tropospheric trough. In addition, the lower level deflected southeasterly 17) and southwesterly moisture flux from BoB and AS increases (Fig.6b) and intrudes over Pakistan.
In comparison with pre-monsoon conditions during the PSM mature phase, the lower-upper level updraft (Fig.7b), adiabatic cooling (Fig.7d) , diabatic heating (Fig.7e) and upper level divergence (Fig.7a) enhanced. Then associated with this upper level enhanced divergence is the upper level vortex shrinking (not shown). In addition, there is associated mid-upper level warm advection (Fig.7f) to resist changes imposed by adiabatic cooling, which represents weakening of cold advection in matured phase. .7a also represents the mid-upper level warming, which causes the reversal of MTG, gets strengthened and expands during the PSM mature phase. During the PSM matured phase, the lower-mid level updraft around Pakistan enhanced significantly compared to pre-monsoon phase, which is associated with the weakening of the upper level convergence around Pakistan latitudes. In addition, the dominant mid-latitude cooler northerly (Fig.7c) and westerly (not shown) gliding down the sloping isentropes also weakens during the mature phase. Therefore, the PSM maturity is associated with the weakening of upper level convergence and the mid-upper level warming i.e. strengthening of the reversal of MTG.
SUMMARY AND CONCLUSIONS
The tropical convective heating around BoB induces upper tropospheric warming to the southwest of the TP together with westward extension of the monsoon trough from the BoB to the AS, which is necessary for the ISM onset 7) . However, there is lack of understanding of the PSM as compared to the ISM, and therefore the mid-upper level processes which support the PSM activities have to be addressed. By data analysis, an attempt has been made to accomplish the objective.
We found that during pre-monsoon phase, the stronger upper level convergence around Pakistan accompanies with the upper level vortex stretching, mid-upper level subsidence and adiabatic warming, suppresses the convective activities around Pakistan. However during the PSM mature phase, the basic atmosphere structure significantly differs from the pre-monsoon phase, and have following salient features: (1) the mid-upper tropospheric warming which causes the reversal of MTG, further gets strengthened and expands; and (2) the upper level convergence observed around Pakistan in pre-monsoon phase shifts northwestward, therefore the mid-upper level subsidence around Pakistan significantly weakens associated with the weakening of upper level convergence and vortex stretching. Simultaneously, the low level trough around Pakistan becomes stronger enough for the maturity of the PSM, together with the deflected southeasterly and southwesterly moisture flux from BoB and AS increases to intrude around Pakistan.
In this study, the basic state troposphere conditions and associated processes during the pre-monsoon and PSM mature phases are clarified. Based on the current knowledge, further research can be carried out to understand the processes associated with anomalous tropospheric conditions during PSM extreme events.
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